Several lines of evidence indicate that glycolysis is especially important for normal diastolic relaxation and for the maintenance of cellular ion homeostasis in myocardium. To elucidate whether the glycolytic flux of ATP contributes to diastolic tone and to the regulation of intracellular Ca2", myocardial content of sugar phosphates ([SPI) and intracellular Ca2" concentration (ICa2" Ii) were measured in isolated, perfused ferret hearts using nuclear magnetic resonance. Glucose and acetate were used as substrates for glycolysis and oxidative phosphorylation, respectively. Glycogen was effectively depleted after 15-min perfusion with glucagon (2 mg/liter), as verified by the lack of rise in ISP] during exposure to iodoacetate (100 ,M) in substrate-free perfusate. Despite the fact that glycolytic flux had been blocked both by iodoacetate and by absence of substrate, end-diastolic left ventricular pressure (EDP) remained unchanged (P > 0.15, n = 6). The subsequent addition of glucose to the perfusate led to SP accumulation and a marked rise in EDP, with a significant correlation between EDP and ISPI (r = 0.86±0.04, P < 0.01, n = 6). A similar correlation was observed when glucose in the perfusate was replaced by 2-deoxyglucose (r = 0.78±0.09, P < 0.01, n = 3). Fluorine nuclear magnetic resonance measurements of [Ca2+ verified that EDP faithfully reports changes in diastolic ICa2J1 under the present experimental conditions. Thus, intracellular Ca2+ overload is caused by the accumulation of SP rather than by the inhibition of glycolysis per se. Glycolysis may appear to be important because its by-products are deleterious, and not necessarily because glycolytically derived ATP plays a favored role in ion homeostasis. (J. Clin. Invest. 1994. 93:1216-1223
Introduction
Although evaluation of cardiac contractility has traditionally focused on systole, diastolic properties figure just as promi-nently in modem conceptualizations of cardiac function. The old idea that diastolic dysfunction, when present, could be traced to arcane mechanical factors such as pericardial constriction, has yielded to the realization that common biochemical alterations in the myocardium can affect relaxation ( 1) .
Changes in intracellular Ca2" homeostasis have been particularly implicated as potential causes of diastolic dysfunction in acute ischemia and in chronic cardiomyopathy (2, 3) , but the basis of such changes remains uncertain. Of particular interest is the possibility that changes in energy metabolism might perturb ion homeostasis, since the provision of high-energy phosphates is altered in ischemia and possibly in congestive heart failure (4) .
Several lines of evidence indicate that glycolysis may be especially important for the maintenance ofcellular ion homeostasis and, by implication, for diastolic relaxation. In vascular smooth muscle, lactate is produced even under aerobic conditions and solely from exogenous glucose (5, 6) , supporting the idea that glycolysis plays an important role in this tissue. Indeed, glycolysis has been proposed to provide ATP for preferential utilization by the Ca2+ pump (7) and Na'-K' pump (5, 6) in plasma membrane. Similar compartmentation of energy source has also been reported in the myocardium (8) , where inhibition of oxidative phosphorylation mainly suppresses systolic force generation. In contrast, glycolytic inhibition induces a marked loss of K+ from the cells and a pronounced rise in diastolic tension ("contracture"), suggesting that energy from glycolysis is preferentially used to support ion transport in myocardium. Recently, Weiss and Lamp (9, 10) have provided direct evidence that glycolytically derived ATP can preferentially inhibit ATP-sensitive K+ channels in the sarcolemma of cardiac myocytes.
Abnormalities in intracellular Ca2' handling during ischemia and in the early phase of reperfusion ( 1 1-14) also appear to be importantly influenced by anaerobic metabolism. Glycolysis not only helps maintain a low diastolic tone during ischemia ( 15, 16) , but also fosters recovery of diastolic function upon reperfusion (17) (18) (19) . Such beneficial effects of glycolysis have been attributed to a preferential ability of glycolytically derived ATP to restore calcium homeostasis (20) . Other lines ofevidence have also hinted at linkages between glycolytic inhibition and abnormal Ca2" homeostasis (21) (22) (23) .
Nevertheless, the precise role of glycolysis in diastolic dysfunction or abnormal handling of intracellular Ca2" is not yet clear. We undertook this study to determine whether the glycolytic flux of ATP contributes to diastolic tone and to the regulation of intracellular Ca2 . We find that glycolytic inhibition causes intracellular calcium overload and an increase in diastolic stiffness, but only when glycolytic intermediates are allowed to accumulate in the myocardium. Thus, phosphorylated metabolites, not deficiency of glycolytically derived ATP, may account for the deleterious consequences of glycolytic inhibitors. A preliminary report has appeared (24).
Methods
The method for the perfusion of isolated hearts has been described in detail (25 ). Briefly, hearts were excised from male ferrets ( 10-14 wk of age) that had been anesthetized with sodium pentobarbital and heparinized, and Langendorff-perfused at 30'C with a modified Tyrode solution. The following composition (in mM) is for the standard perfusate: NaCI 108, KC1 5, MgCl2 1, Hepes 5, CaCl2 2, glucose 10, and sodium acetate 20. The pH was adjusted to 7.4 by titration with NaOH. The perfusate was bubbled continuously with 100% 02. A thin latex balloon tied to the end of a polyethylene tube was inserted into the left ventricle through the mitral valve and connected to a pressure transducer (Statham P23ID, Gould, Inc., Oxford, CA). The balloon was filled either with 15 mM magnesium trimetaphosphate for 3"P-nuclear magnetic resonance (NMR)' measurements or with 1 mM 6-fluorotryptophan (6F-Trp) as a standard for the calcium measurements by '9F-NMR spectroscopy. The balloon volume was set to achieve an initial end-diastolic pressure (EDP) of 5-12 mmHg, then kept isovolumic throughout the experiment. Left ventricular pressure was recorded with a direct-writing recorder. After 10-20 min of stabilization, coronary flow rate, controlled by a peristaltic pump, was adjusted such that perfusion pressure equalled 80-90 mmHg. Once adjusted, the flow rate was kept constant throughout the experiment. The heart rate was maintained at 2-3 Hz by right ventricular pacing with an agar wick soaked in saturated KCI, encased in polyethylene tubing, and connected to a stimulator. To obtain the NMR signals, the preparation was lowered into a 25-mm diam NMR tube and placed into the wide-bore superconducting magnet of a spectrometer( 8.1 Tesla; AM-360, Bruker Instruments, Billerica, MA). Research protocols were approved by the Animal Care and Use Committee of the institution and animal experiments were performed in accordance with the guiding principles of the American Physiological Society.
Measurement ofmyocardial contents ofenergy-related phosphorus compounds. Intramyocardial contents of sugar phosphates (SP), inorganic phosphate (Pi), phosphocreatine (PCr), and ATP, as well as intracellular pH (pHi), were measured using 3"P-NMR spectroscopy.
As described previously (25), minimally saturated 3'P-NMR spectra were obtained at a spectral width of 6 kHz using 450 pulses delivered every 2 s. The spectra were accumulated for 5 min and processed as described (25). The amounts of SP, Pi, PCr, and ATP in the myocardium were obtained by planimetry of the areas under individual peaks.
The tissue contents of SP, Pi, PCr, and ATP were normalized using the signal of trimetaphosphate in the left ventricular balloon, then divided by the wet weight of each heart. When the standard for 3`P-NMR measurements was not available, the tissue contents of SP, Pi, PCr, and ATP were expressed as percent of the area under the ATP peak during the initial control period in each individual experiment (26) . Intracellular pH was determined from the chemical shift of the Pi peak measured relative to the resonance of PCr (25).
Measurement of intracellular free calcium concentration at enddiastole. As previously described (27, 28) [B] is the area under the Ca-5F-BAPTA peak near 8 ppm, and [F] is the area under the Ca-free 5F-BAPTA peak near 2 ppm (see Fig. 8 [27] ). We have used a dissociation constant for Ca-5F-BAPTA (Kd) of 285 nM to calibrate our signals (10) .
Depletion of intramyocardial glycogen. Vander Heide et al. (30) have demonstrated that tissue levels of glycogen can be significantly reduced even by brief (3 min) exposure to glucagon under substratefree conditions. We confirmed the efficacy of depletion of myocardial glycogen by simple substrate withdrawal ( Fig. 1 , A-C) and by substrate withdrawal during exposure to glucagon ( Fig. 1 , D-G). The P-NMR spectra shown in A-C were obtained from one heart in which prolonged substrate-free perfusion without glucagon was used in a futile attempt to deplete glycogen. The spectrum in B, acquired after 45 min of perfusion without substrates, is almost identical to that obtained during the initial perfusion with normal solution (A). After the 45 min of substrate-free perfusion, the heart was exposed to iodoacetate (IAA;
150 AM) for 15 min to block glycolysis irreversibly at the level ofglyceraldehyde 3-phosphate dehydrogenase (3 1 ); during this period, acetate was also present as a substrate for oxidative phosphorylation. The spectrum in C was taken when the perfusate was switched back to one with no substrates to stimulate glycogenolysis and glycolysis; the peak at 6.5 ppm clearly increased. During glycolytic inhibition, this peak has been shown to consist ofSP (32) . Thus, the results indicate incomplete depletion ofglycogen, because glycogen would have been the only source for the generation of SP in the absence ofexogenous substrates. The P-NMR spectra shown in D-G were obtained from another heart in which glucagon was used to aid in the depletion of glycogen. The spectrum in E, obtained after washout ofglucagon, is identical to that in control (D). Furthermore, the spectrum in F, taken after exposure to IAA and no substrates, shows little change, confirming that glycogen had indeed been depleted. Nevertheless, when glucose was readded to the perfusate, sugar phosphates clearly accumulated (G) as a consequence of the glycolytic block. Thus, 15-min perfusion with glucagon and no substrates effectively depletes intramyocardial glycogen.
Experimental design. After initial stabilization in normal perfusate, P-NMR spectra were taken for control, and then hearts were perfused with a solution containing glucagon (2 mg/liter) and no substrates to deplete glycogen in myocardium. Fifteen minutes later, hearts were switched to glucagon-free medium, and perfused for an additional 15 min without substrates. After the depletion ofglycogen, the substrates in the perfusate were changed by eliminating or adding either glucose or acetate in different combinations, and P-NMR or F-NMR measurements were performed while monitoring left ventricular pressure; the combination of substrates was randomized to avoid systematic or cumulative time-dependent changes. Glycolysis was blocked either by exposure to IAA ( 150 ,uM) for 15 min or by substitution ofglucose with 2-deoxyglucose (DOG; 10 mM) (33) . When Contribution of other phosphorus compounds to diastolic dysfunction. To elucidate whether or not phosphorus compounds other than SP contribute to the changes in diastolic tone, the correlation coefficients between EDP and intramyocardial contents of phosphorus compounds were examined (Fig. 6 A) . None of SP, Pi, PCr, ATP, or pHi showed a significant correlation with EDP before glycolysis was inhibited. After glycolytic blockage using either IAA or DOG, sugar phosphates strongly correlated with EDP in all experiments (r = 0.85±0.04 after IAA exposure, r = 0.78±0.09 in DOG experiments). In contrast, Pi, PCr, and pHi showed a significant correlation with EDP in some experiments, but not consistently. ATP showed a negative correlation with EDP in all experiments (r = -0.82±0.04 after IAA exposure, r = -0.61±0.09 in DOG experiments), suggesting that ATP might also contribute to determine diastolic tone.
To probe a cause-and-effect relationship, correlations between rates of change are more discriminating than simple correlations between steady-state levels. In order for there to be a significant correlation between two rates of change, both fac- Effects ofdifferent combinations ofsubstrates on EDP and [SP] in 5F-BAPTA loaded hearts. So far, we have interpreted EDP as a faithful reflection of diastolic intracellular Ca2+ concentration under these experimental conditions. To validate this interpretation, we used the gated F-NMR technique with the Ca2+ indicator 5F-BAPTA. First, we checked whether the correlation between the changes ofEDP and that ofSP induced by glycolytic inhibition was the same as that in hearts not loaded with 5F-BAPTA. Figure 7A shows the typical changes in EDP and SP in a glycogen-depleted heart loaded with 5F-BAPTA. Before glycolytic inhibition (0-40 min), [SP] and EDP show little change with or without glucose. After exposure to IAA, SP accumulated when the only substrate was glucose; EDP increased concomitantly, as in hearts not loaded with 5F-BAPTA.
[SP] and mEDP after glycolytic inhibition showed a significant correlation (Fig. 7 B ; r = 0.97, P < 0.01, n = 12).
The presence of a significant correlation between [SP] and mEDP was confirmed in two other experiments in 5F-BAPTAloaded hearts. Correlation coefficients between mEDP and myocardial concentration of phosphorus compounds in hearts loaded with 5F-BAPTA are depicted in Fig. 6 B. Only the correlation between mEDP and [SP] showed consistent significance after glycolytic inhibition (r = 0.96±0.17), similar to the results in hearts without 5F-BAPTA. These results indicate that the changes in EDP and sugar phosphates in hearts loaded with 5F-BAPTA are identical to those observed in hearts not loaded with 5F-BAPTA.
Intracellular calcium concentration during diastolic dysfunction. Typical spectra of 5F-BAPTA obtained by F-NMR are shown in Fig. 8 . The spectrum in A was obtained during diastole from a heart perfused without substrates after the depletion of glycogen (EDP = 12 mmHg). The peak for free 5F-BAPTA (F) is markedly larger than that for Ca-bound SF- more severe in some local compartment (e.g., a postulated subsarcolemmal space [ 361) than it is in the bulk of the myocardium, since bulk ATP depletion of the degree measured in the present study does not, in itself, suffice to compromise ion transport (37) . Despite compelling evidence for compartmentation of ATP in some settings, our results argue otherwise. Diastolic tone was well maintained under substrate-free conditions before and after glycolytic inhibition. Thus, ATP generated by oxidative phosphorylation (presumably from endogenous fatty acids [ 38 ] ) suffices to maintain diastolic ion homeostasis. In fact, ATP appears to be able to go both ways: energy derived from glycolysis can support contraction during the inhibition of oxidative phosphorylation (39, 40) . If, in the process of accumulation of SP, ATP were consumed locally to such an extent that ion homeostasis was disrupted, this should be a transient phenomenon: in the absence of strict compartmentalization, bulk ATP would soon diffuse to the sites where it is needed. Contrary to this prediction, diastolic tone did not recover even after glucose was removed from the perfusate. EDP stayed high as long as SP remained elevated.
Beneficial effects ofglycolyticA TP against metabolic stress. Our results need to be interpreted in light of several lines of evidence suggesting a special role for glycolysis. Glycolytically derived ATP appears to protect against anoxic stress; membrane integrity during hypoperfusion was maintained by perfusion with glucose (41, 42) . Glucose and insulin preserved diastolic function during underperfusion and subsequent reperfusion ( 19) . The rate of glycolytic flux from glucose correlated well with prevention of ischemic contracture ( 15 ) ; likewise, functional recovery after ischemia could be improved by an increase of glucose oxidation ( 18) . Nevertheless, the mechanism for these beneficial effects ofglycolysis has not been clarified. In smooth muscle, glycolysis has been proposed to generate ATP specifically to support the transport of Na+, K+ (5, 6, 43) , and Ca2+ (7) across the plasma membrane. Functional compartmentation of ATP similar to that observed in smooth muscle has also been proposed in myocardium (8-10 ); glycolysis has been argued to preferentially support ion homeostasis, whereas oxidative phosphorylation contributes more to force generation. Results with glycolytic inhibitors have been used to bolster the notion that glycolytically derived ATP maintains intracellular Ca2' homeostasis and protects against calcium overload during reperfusion (20, 21, 23 We have shown that cardiac function, particularly diastolic function, can proceed unimpaired even when glycolysis is incapable of producing any ATP. Particular caution is merited in the interpretation of previous work using glycolytic inhibitors: glycolysis may have appeared to be important because its byproducts were deleterious, and not necessarily because glycolytically derived ATP plays a favored role. Nevertheless, our results do not exclude the possibility that enhanced glycolytic ATP production has favorable effects, nor do they disprove the notion that there is some degree of functional compartmentation of energy metabolism in heart cells.
